Background: Predictors of participation in colorectal cancer screening with a stool sample screening modality have been widely studied, but adherence to subsequent diagnostic colonoscopy after a positive screening test has received less attention. We aimed to determine predictors of adherence to diagnostic colonoscopy in the Danish Colorectal Cancer Screening Program. Methods: We conducted a cross-sectional study using data from National Health Service registries. We included 8,112 individuals invited to screening between March 3, 2014, and August 31, 2014, who had a positive immunochemical fecal occult blood test. Potential predictors were gender, age, region of residence, Charlson Comorbidity Index (CCI) score, specific diseases (cardiovascular disease, chronic pulmonary disease, diabetes, and cancer), and number of prior hospital stays. We estimated prevalence proportion differences (PPDs) for the associations between potential predictors and adherence. Results: Overall, adherence to diagnostic colonoscopy was 88.6%. Adherence was lower in individuals aged 75 years compared with those aged <70 years, PPD=−4.20 (95% confidence interval [CI]: -6.19; -2.20). Adherence decreased with a higher level of comorbidity: PPD=−2.30 (95% CI: -3.87; -0.74) for a CCI score of 1-2 and PPD=−9.24 (95% CI: -12.30; -6.19) for a CCI score of ≥3 compared to 0. For specific diseases, adherence was decreased in those with a diagnosis of cardiovascular disease, chronic pulmonary disease, or diabetes, but less for cancer. When comorbidity was measured as number of prior hospital stays, the adjusted PPDs were -2.41 (95% CI: -4.43;-0.39) for one to two stays and -14.50 (95% CI: -20.30; -8.74) for three or more stays compared with no in-hospital stays. Conclusion: Major predictors of nonadherence to diagnostic colonoscopy after a positive immunochemical fecal occult blood test were older age, a CCI score of 1 or more, cardiovascular disease, chronic pulmonary disease, diabetes, and one or more in-hospital stays within the last year. Keywords: adherence, compliance, colorectal cancer, screening and prevention, morbidity, comorbidity
Introduction
With more than 1.3 million new cases worldwide in 2012, colorectal cancer (CRC) is the third-most common cancer in men and the second-most common in women. 1 Symptoms are weak and often present at a late stage, but bleeding lesions make early detection and improved cancer specific mortality possible through identification of blood in the stool with guaiac or immunochemical fecal occult blood tests (iFOBTs). [2] [3] [4] The success and effect of a FOBT screening program do not only require a high degree of participation but also adherence to the subsequent diagnostic colonoscopy. 4, 5 A colonoscopy procedure should be performed within a reasonable time frame, as increased time to colonoscopy causes anxiety in screening participants with a positive test and is associated with a poorer prognosis. 4, 6, 7 In tax-funded national screening programs, adherence to diagnostic colonoscopy is generally high 8, 9 compared to CRC screening in individual and insurance-financed programs. 5, 10 The Danish Colorectal Cancer Screening Program was initiated in 2014, and in the first 3 years of the screening program, adherence to diagnostic colonoscopy was 88%-90% within 2 months of a positive iFOBT. 31 Still, this leaves one out of 10 people with a positive screening test but unconfirmed CRC status.
Studies of other universally offered CRC screening programs using FOBT have identified lower adherence to diagnostic colonoscopy among people living far away from a regional capital, 11 in deprived areas, 9, 12, 13 or in neighborhoods with many non-whites or many people with poor self-reported health. 9 As part of a large Danish randomized controlled trial (N=30,967) initiated in 1985, Jørgensen et al asked 93 non-adherers among 1,559 persons with a positive guaiac fecal occult blood test to state why they refused the diagnostic colonoscopy. More than 40% could not provide a specific reason, 25% had severe comorbidity, and the remaining individuals reported either bleeding hemorrhoids or fissures, a former CRC diagnosis, or that they felt free of disease.
14 Severe comorbidity may be a contraindication for undergoing a colonoscopy procedure or otherwise cause barriers for adherence to diagnostic colonoscopy. Therefore, we aimed to evaluate comorbidity and demographic factors (age, gender, and region of living) as predictors of adherence to diagnostic colonoscopy after a positive iFOBT in the Danish Colorectal Cancer Screening Program in order to identify and characterize groups with low adherence.
Materials and methods

The Danish Colorectal Cancer Screening Program
The Danish health care system is predominantly tax funded, and five administrative regions own the public hospitals and run the CRC screening program in a standardized way. CRC screening is offered free of charge to all residents between 50 and 74 years of age. Invitations are mailed by post and include an iFOBT kit with a prepaid return envelope. The invitation letter states that individuals in a surveillance program for CRC should not participate in the iFOBT screening and that individuals with Crohn's disease or ulcerative colitis should discuss relevancy of screening with their general practitioner.
The CRC screening program was initiated on March 1, 2014, and the first screening round lasted until the end of 2017, followed by biennial screening. In the first round, the target population was invited according to a random sequence of birth months, although individuals who turned 50 or 75 within the first round, received their first invitation no later than the month of that particular birthday, as they were entering or leaving the target population on that birthday. 15 As the remaining individuals were invited randomly, the 50-year olds and especially the 75-year olds were overrepresented in the beginning of the first screening round because they had not been invited before.
In case of a positive iFOBT, a diagnostic colonoscopy was booked at a colonoscopy unit and a letter was automatically sent directly to the participant. A national CRC screening guideline specifies two written reminders and, if necessary, follow-up by a telephone call to ensure comprehension of the invitation. 16 
Study population
In this cross-sectional study, we included individuals invited in the first 6 months (March 1, 2014, to August 31, 2014) of the CRC screening program (N=195,999), who received a positive iFOBT result before November 30, 2014 (n=8,373; Figure 1 ), ie, within 3-9 months from receiving the invitation. We excluded individuals who died before a diagnostic colonoscopy could be performed (n=7) and individuals who had a colonoscopy within the past year before the positive screening test (n=254), as they are not recommended to have a new colonoscopy. Thus, the final study population consisted of 8,112 individuals. In all, 137 individuals had Crohn's disease or ulcerative colitis, but we chose not to exclude these individuals from the primary analyses, as they were advised Clinical Epidemiology 2018:10 submit your manuscript | www.dovepress.com
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Predictors of adherence to diagnostic colonoscopy in CRC screening in the invitation letter to participate depending on advice from their doctors, and those who participated should receive a colonoscopy like the other participants. However, 16.8% of the 137 patients were excluded as part of the group with a colonoscopy within the past year.
Data and variables
The study is based on registry data from the Danish Colorectal Cancer Screening Database (DCCSD) and the Danish National Patient Registry (DNPR), linked via the unique civil personal registration (CPR) number, assigned to all Danish residents. 17 The DCCSD supplied data on gender, birthdate, invitation date, iFOBT result, colonoscopy procedures, and vital status of the study population. The DCCSD consists of data from existing registries (the regions' Invitation and Administration Module, the DNPR, and the Pathology Registry). Previously, we validated the DCCSD and found the data to be of acceptable quality for research purposes. 15 The DNPR holds data on all somatic admissions to Danish hospitals since 1977. Outpatient contacts have been included since 1995. Variables in the DNPR include dates of admission and discharge, ICD-10 diagnosis codes, and procedures performed. [18] [19] [20] These data were used to calculate comorbidity measures as described in the following. The study is included 
Study variables
We assessed comorbidity using different measures: 1) the Charlson Comorbidity Index (CCI) score, 21 2) single diagnoses from the CCI, and 3) the number of in-hospital stays within the past year.
CCI scores were calculated with a 10-year look-back period and split into three categories of total scores (0, 1-2, and ≥3). The CCI includes 19 chronic diseases (Score 1: myocardial infarction, congestive heart failure, peripheral vascular disease, cerebrovascular disease, dementia, chronic pulmonary disease, connective tissue disease, ulcer disease, mild liver disease, diabetes mellitus, and hemiplegia. Score 2: moderate/severe renal disease, diabetes mellitus with chronic complications, any tumor, leukemia, and lymphoma. Score 3: moderate/severe liver disease. Score 6: metastatic solid tumor and AIDS) that have been given weights reflecting the likelihood of 1-year mortality and thus the disease severity. 21 We included CCI as the sum of a person's scores, and in separate analyses, we included the most prevalent single diseases and disease groups from the CCI. Thygesen et al 22 validated the DNPR specifically for the calculation of CCI and found high positive predictive values (PPVs) for all the included diseases and an overall PPV of 98%.
We calculated the number of in-hospital stays (irrespective of length and diagnosis) within the past year before positive iFOBT and categorized them as 0, 1-2, and ≥3 stays. As the CCI calculation is based on hospital contacts, the CCI score and number of in-hospital stays are related. The simple count of in-hospital stays is a broader measure, as it includes all diseases and captures recent use for any reason.
Age was obtained at the time of a positive test, and therefore, some individuals were older than the target population of 50-74 years, as their participation surpassed their 75th birthday. Age was categorized in five-year groups (<55 years, 55-59 years, 60-64 years, 65-69 years, 70-74 years, and 75 years) but collapsed into three age groups for the regression analysis (<70 years, 70-74 years, and 75 years) after examining the functional form using restricted cubic splines regression. This showed a marked decrease in adherence after age of 70 years, which became larger by 75 years, and 70 and 75 years were therefore used for categorization. Region of residence was defined as the North Denmark Region, the Central Denmark Region, the Region of Southern Denmark, the Capital Region of Denmark, and the Zealand Region.
We defined adherence to diagnostic colonoscopy as a colonoscopy performed within 2 months of a positive screening test, identical to the adherence definition of the DCCSD. 23 Colonoscopy was defined by the ICD-10 code for a colonoscopy (KUJF32 or KUJF35) or colonography (UXCD80), which is used in cases of difficult passage of the colon. Our previous validation of the DCCSD 15 showed some incompleteness in the registration of these codes. Thus, in the present study, we therefore also used supplementary codes, describing aspects of the colonoscopy procedure (ZPY1A, ZPY1B, ZPY1C, ZPY1D, ZPY1E, KJFA15, KJFA55, KJGA05, KJGA52) to identify performed colonoscopies.
Statistics
We calculated proportions to describe characteristics of the study population. Adherence was calculated as the proportion of individuals who underwent a diagnostic colonoscopy of all individuals with a positive iFOBT. We evaluated the crude association between the potential predictors and diagnostic colonoscopy adherence (yes vs no) in binomial regression models and calculated prevalence proportion differences (PPDs) with 95% confidence interval (CI). In addition, we ran adjusted models in which the predictors were mutually adjusted for. Furthermore, we stratified on gender and age (<70 years vs ≥70 years), as these factors may modify associations between comorbidity and adherence.
In a sensitivity analysis, we altered the definition of adherence to include a diagnostic colonoscopy procedure performed within 3 months instead of only 2 months after a positive iFOBT. In another sensitivity analysis, we excluded individuals with inflammatory bowel disease, as some of them should not participate in CRC screening because of existing programs.
We allowed all individuals to have a minimum of 3 months of response time from date of invitation to date of stool sample analysis. However, the minimum response time varied from 3 to 9 months, depending on the date of invitation. The timeliness in which an individual submits the sample might be related both to comorbidity and demography and to the timeliness in which that individual receives a diagnostic colonoscopy. This could create a spurious association between comorbidity and adherence. Hence, the time from invitation to participation ("response time") was included in adjusted models.
Supplementary analysis of hospital charts
To further unfold reasons for nonadherence to diagnostic colonoscopy, we conducted a supplementary analysis of hospital charts. We did not have the resources to review 
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Predictors of adherence to diagnostic colonoscopy in CRC screening hospital charts of all individuals who were considered nonadherent in our study, and therefore, we chose the region with the lowest adherence (the Capital Region) to ensure maximum identification of reasons for not receiving a colonoscopy. Hospital charts of all non-adherent individuals from the Capital Region of Denmark were examined for documented reasons for not undergoing a diagnostic colonoscopy. We categorized these reasons and calculated prevalence proportions with 95% CIs. Categories included "colonoscopy within 18 months before positive iFOBT", "colonoscopy later than two months after positive iFOBT, or in private practice", "in surveillance program for inflammatory bowel disease or other risk factors", "benign comorbidity prevents further diagnostics", "malignant comorbidity prevents further diagnostics", "the participant wanted no further diagnostic work-up", "deceased before diagnostics", and "unable to contact patient or other/ unknown".
Results
Overall, adherence to diagnostic colonoscopy was 88.6% among the 8,112 individuals in the study population (Table  1) . We found the highest adherence among men, individuals younger than 55 years, residents of the North Denmark Region, people with a CCI score of 0, and people with no in-hospital stays. Adherence was ~90% across age groups but dropped to 83.8% among the oldest participants (75 years). The target population for CRC screening was people aged 50-74 years, but as some responded to their invitation after their 75th birthday, 18.5% were 75 years old. This age group was overrepresented due to the invitation procedure.
Adherence dropped from 90.3% in people with a CCI score of 0 to 79.9% in those with a score of ≥3. For individuals with 0 and ≥3 in-hospital stays, adherence was 89.5% and 73.6%, respectively.
In total, 34.9% of the study population had at least one of the 19 diseases in the CCI. The most prevalent diseases were any tumor (9.6%), chronic pulmonary disease (7.4%), cerebrovascular disease (6.5%), and diabetes I+II (6.2%).
Comorbidity was inversely associated with adherence to diagnostic colonoscopy ( In the evaluation of individual diseases as predictors of adherence, the adjusted PPDs ranged from -6.64 to -1.57 for cardiovascular disease, chronic pulmonary disease, diabetes, and cancer compared with no disease, thus indicating reduced adherence. Compared with no in-hospital stays, the adjusted PPDs were -2.41 (95% CI: -4.43; -0.39) for one to two stays and -14.50 (95% CI: -20.30; -8.74) for ≥3 stays (Table 2) .
A stratified analysis showed that the association between comorbidity and adherence to diagnostic colonoscopy varied by age for women (Table 3) . For women <70 years, the adjusted PPDs compared to that for no comorbidity were 1.56 (95% CI: -1.17; 4.28) for CCI score 1-2 and -12.7 (95% CI: -20.90;-4.40) for CCI score ≥3. For women aged 70-74 years, adherence was similar across comorbidity categories. However, for women aged 75 years, PPDs were -5.18 and -18.9 for CCI scores 1-2 and ≥3 compared to 0, respectively. Notes:
a Includes "myocardial infarction", "congestive heart failure", "peripheral vascular disease", and "cerebrovascular disease". b Includes "diabetes I+II" and "diabetes with end organ damage". The models of the association between adherence to diagnostic colonoscopy and cardiovascular disease, chronic pulmonary disease, diabetes, cancer and in-hospital stays, respectively, are adjusted for gender, age group, region of residence, and response time. 
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Predictors of adherence to diagnostic colonoscopy in CRC screening For men, the association between comorbidity and adherence was relatively similar across age groups. However, the PPD of CCI score ≥3 compared to 0 was highest in the youngest age group (PPD=−10.2, 95% CI: -15.90; -4.39).
The sensitivity analysis allowing 3 months from a positive iFOBT to a diagnostic colonoscopy increased overall adherence from 88.6% to 90.1%, and the adjusted PPDs decreased except for the age group 70-74 years. Most notably, the PPDs for age 75 years compared to age <70 years and CCI score ≥3 compared to CCI score 0 changed to -4.41 (95% CI:-6.32; -2.50) and -8.51 (95% CI:-11.40; -5.58), respectively. Regional variation also diminished (adjusted PPDs ranged from -0.06 to -6.39 compared to -0.88 to -9.83 in the main analysis).
Furthermore, 114 individuals had received a diagnosis of Crohn's disease or ulcerative colitis within 10 years prior to the positive iFOBT, and adherence to colonoscopy in this group was 70.2%. When excluding these individuals in a sensitivity analysis, the overall adherence changed from 88.60% to 88.86%, and the change in effect estimates was negligible.
The distribution of reasons for nonadherence, obtained via the supplementary analysis of hospital charts from nonadherent persons in the Capital Region, is shown in Table 4 . The most prevalent reason for nonadherence was participants' decision not to have further diagnostic work-up (38%), while 7% of the non-adherent individuals had a benign or malignant comorbidity that prevented further diagnostics. In comparison, 35 .8% of the non-adherent individuals from the Capital Region had a CCI score of 1 or more in the main analysis.
Another 30.8% had a diagnostic colonoscopy performed in private practice or later than 2 months after the date of the positive test, which we used as the cutoff value in the definition of adherence.
Discussion
In our study, overall adherence to diagnostic colonoscopy within 2 months after a positive iFOBT was 88.6%. This is comparable to other European CRC screening programs, which have reported adherence proportions ranging from 81.5% in a pilot program in the UK 24 to 92.4% in the Swedish population-based program. 25 The 88.6% adherence is 
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Thomsen et al below the desirable level of 90% adherence suggested by the European Commission but above the recommended quality standard of 85%. 4 We found that age of 75 years, region of residence, a CCI score of 1 or more, and one or more in-hospital stays within the last year were predictors of nonadherence. For the specific diseases, having a cancer diagnosis was only weakly associated with nonadherence, whereas cardiovascular disease, chronic pulmonary disease, and diabetes were strong predictors of nonadherence. This may be explained by a high awareness of CRC screening among individuals with an existing or prior cancer diagnosis.
Overall adherence increased in the sensitivity analysis, allowing 3 months from a positive iFOBT to a diagnostic colonoscopy. However, diagnostic colonoscopy should be performed within short time after screening, that is, within 31 days according to the European guidelines 4 and within 14 days according to the Danish diagnostic evaluation guarantee. 16 Furthermore, a colonoscopy performed, eg, 6 months after a positive iFOBT may be triggered by symptoms developed in the meantime, in which case it is not strictly a screening-related diagnostic colonoscopy.
The considerable difference in adherence depending on region of residence persisted after adjustment for gender and age but decreased in the sensitivity analysis. This may be explained by differences in capacity to provide the number of needed colonoscopies in a timely manner during the first period of the screening program, which is evident from the large number of patients reported not to be treated within the guaranteed "waiting time" 26, 27 in the respective regions. [28] [29] [30] Adherence to diagnostic colonoscopy is thereby not just adherence of the patient but also dependent on the health care system's capacity to provide colonoscopies in due time. However, overall adherence to diagnostic colonoscopy has been stable since the introduction of screening in 2014. 31 An American Veterans Health Administration study from 2011 found no association between comorbidity and adherence to follow-up colonoscopy. However, they defined adherence as receiving a colonoscopy within a whole year after screening. 32 Two, more recent, American studies of CRC screening found lower adherence with increasing comorbidity and age, which is in line with our results. However, overall adherence was low (50% within 6 months and 17.0%-61.9% within 2 months, respectively) in these American studies. 33, 34 Thus, comorbidity and age seem to be predictors of adherence to diagnostic colonoscopy after a positive FOBT, both in screening programs with low and high overall adherence.
The supplementary analysis of hospital charts from the Capital Region of Denmark revealed that in only 7% of the non-adherent patients, the direct reason for no diagnostic colonoscopy was underlying benign or malignant comorbidity. Hence, it seems that only a small part of the association between comorbidity and adherence is due to physical inability to undergo a diagnostic colonoscopy.
The main methodological strength of this study is the use of nationwide registry data, which were collected independently of this study, thus minimizing the risk of selection and information biases. This enabled us to include the complete population of screening participants with a positive iFOBT.
A limitation of our study is the lack of data on potential predictors such as education, income, and psychiatric morbidity. Social inequality in morbidity 37 means that socioeconomic factors may explain some of the association between comorbidity and adherence to diagnostic colonoscopy. Two studies of the Danish CRC screening program found socioeconomic inequality in iFOBT participation, 38, 39 and a study of the British program found lower adherence to diagnostic colonoscopy in people living in deprived areas. 9 Likewise, a study on the CRC screening program in the Basque region of Spain found associations between area deprivation score and both screening participation and adherence to diagnostic colonoscopy. 40 However, the associations were reverse. Thus, participation in the screening program and adherence to diagnostic colonoscopy were lowest in individuals from the least deprived areas. The authors state that this may not be explained by high socioeconomic status but by higher utilization of private clinics not reporting to their study.
Even though adherence to diagnostic colonoscopy in the Danish CRC screening program is high, improvements may still be warranted. IFOBT screening has no effect in people who are tested positive but do not attend the subsequent diagnostic colonoscopy, and it may even do harm. As we found that especially individuals with comorbidity were less likely to receive a colonoscopy, additional support for this group of screening participants may be needed. In contrast, some terminally ill patients are simply too sick to have a colonoscopy. However, people live with chronic diseases such as diabetes, cardiovascular disease, and pulmonary disease for many years, and this should therefore not keep them from having a colonoscopy, and full potential effect of the screening program.
Selby et al reviewed studies of interventions to improve adherence to diagnostic colonoscopy following a positive FOBT screening. Many of these factors (phone contact in addition to mailing of test result and colonoscopy appointment and performance feedback to colonoscopy providers) are already implemented in the Danish CRC screening 
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Conclusion
This population-based study evaluated demographic and comorbidity predictors of adherence to diagnostic colonoscopy in an iFOBT-based CRC screening program. Even though adherence to diagnostic colonoscopy after a positive iFOBT is high (88.6%) in the Danish program, some individuals are lost in the process. We found that older age, a CCI score of one or more, cardiovascular disease, chronic pulmonary disease, diabetes, and one or more in-hospital stays within the last year were associated with nonadherence to diagnostic colonoscopy.
